In eukaryotic cells, enormous proteome diversity is generated from a limited number of genes through several different mechanisms, including alternative splicing and the activation of alternative promoters, polyadenylation sites, and translation initiation sites (TISs) (Nabeshima et al. 1984; Zavolan et al. 2003; Carninci et al. 2005; Nilsen and Graveley 2010) . While a significant contribution of alternative splicing to proteome diversity is well established, the influence upon genome plasticity of the recruitment of alternative TISs, or the presence of upstream open reading frames (uORFs), has only recently been recognized (Kochetov 2008; Sonenberg and Hinnebusch 2009 ).
In the canonical ''scanning model'' of ribosomal function, the 43S preinitiation complex containing the initiator tRNA in ternary complex with the GTP-bound form of EIF2 attaches to the 59 cap of the mRNA and migrates in the 39 direction until it reaches the AUG codon nearest to the 59 end of the mRNA (Kozak 2005; Lorsch and Dever 2010) . There, AUG recognition triggers the irreversible hydrolysis of the GTP bound to EIF2 by EIF5, and a stable 48S preinitiation complex is formed. Following release of EIF2-GDP and several other eIFs, EIF5B catalyzes joining of the 60S ribosomal subunit, thereby forming an 80S ribosome ready to elongate (Lorsch and Dever 2010; Hinnebusch 2011) . The first AUG encountered in the mRNA will usually be used as the translation initiation codon (TIC), provided that it is surrounded by a suitable consensus sequence (Miyasaka et al. 2002; Nakagawa et al. 2008; Volkova and Kochetov 2010) called the ''Kozak sequence.'' However, different AUGs may also interact with the translational machinery so as to lead to ribosome binding without classical AUG scanning (Reigadas et al. 2005; Fernández-Miragall et al. 2006 ). In addition, translation initiation at non-AUG codons has been reported for both vertebrate and viral mRNAs (Sugihara et al. 1990; Helsens et al. 2011; Ingolia et al. 2011; Ivanov et al. 2011) . The mechanisms by which ribosomes select non-AUG codons for translation initiation, however, are largely unknown.
A control of gene expression at the level of translation is also known to be exerted by uORFs. Bioinformatic analysis identified uORFs in 35%-50% of rodent and human transcripts (Iacono et al. 2005; Matsui et al. 2007) , and uORFs tend to be conserved between species (Neafsey and Galagan 2007) . From the analysis of >11,000 matched mRNA and protein level measurements, it was estimated that the activation of uORFs may reduce protein expression by up to 80%, and uORF-activating mutations in disease-associated genes have been found to lead to complete silencing of the main ORF (Calvo et al. 2009 ). However, the regulatory effect of uORFs may be more complex than this as is evidenced by the recent finding that the translation of uORFs may also lead to a more efficient translation of the main ORF, in this case in yeast (Brar et al. 2012) .
Until recently, systematic searches for TISs and uORFs primarily relied upon in silico approaches, including protein prediction from transcript sequences and evolutionary conservation analysis (Iacono et al. 2005; Volkova and Kochetov 2010; Bazykin and Kochetov 2011; Ivanov et al. 2011) . While in silico techniques have been important for improving proteome understanding, their predictive capability is nevertheless hampered by complex phenomena such as internal ribosome entry, initiation at non-AUG codons, and nonsense read-through (Komar et al. 1999; Touriol et al. 2003) . As regards the analysis of the transcriptome, the advent of systematic cDNA sequencing has facilitated an experimental assessment of the extent and origin of mRNA variation (Tomb et al. 1997) .
Recently, a ribosomal footprinting technique based upon high-throughput DNA sequencing has been developed that allows systematic monitoring of protein translation in yeast and mammalian cells (Ingolia et al. 2009; Guo et al. 2010 ). This technique was successfully adapted to the specific identification of translation-initiating ribosomes and was used for this purpose in mouse embryonic stem cells, employing harringtonine as the peptide elongation inhibitor (Ingolia et al. 2011) . In the present study, we pretreated a human monocyte cell line with puromycin (Allen and Zamecnik 1962; Nathans 1964 ) and subsequently applied cycloheximide in order to release peptide-elongating ribosomes from the respective transcripts and to block elongation during the first steps after initiation. Compared with harringtonine (Ingolia et al. 2011) , puromycin may yield a less precise localization of TISs but at the same time allows better detection of non-AUG TICs because it does not interfere with the assembly of the elongation complex at near-cognate TICs (Ingolia et al. 2011) . Our approach to identifying human TISs was then validated using previously published N-terminal protein extensions and uORFs that were established by classical experimental methodology. As a bottom line, the present study provides a transcriptome-wide map of TISs that may further highlight the role of alternative translation initiation in generating and regulating human proteome diversity.
Results

Ribosomal footprint library enrichment for TISs by puromycin treatment
Ribosomal footprint libraries from THP-1 cells were enriched for TISs through puromycin treatment, leading to the release of peptide-elongating ribosomes, followed by the arrest of elongation using cycloheximide (Methods; Supplemental Fig. 1A ). Sucrose gradient fractionation of lysates revealed a loss of polysomal peaks in the ribosomal profile of puromycin-treated cells, compared with native cells, thereby providing indirect evidence for the successful release of peptide-elongating ribosomes (Supplemental Fig. 1B) . Ribosomal footprints were then generated in triplicate using the standard cycloheximide protocol (Guo et al. 2010) either alone or in combination with prior puromycin treatment. The pooled read length distribution in cycloheximide-and puromycin-treated samples peaked at 30 bp, as was described before for mammalian ribosomal footprints (Supplemental Fig. 1C ; Guo et al. 2010) . Reads were aligned against the human genome assembly (hg19), and unique matches to annotated RefSeq sequences were observed for 5-18 million reads per sample (Supplemental Table 1 ). Sequencederived ribosomal binding patterns were found to be highly reproducible over biological replicates, as was confirmed by both visual inspection (Supplemental Fig. 2A ) and statistical analysis. In particular, the pairwise correlation coefficients of the read coverage per nucleotide ranged from 0.82 to 0.84 in the case of puromycin-treated cells (Supplemental Fig. 2B ). Read data were therefore pooled over replicates for further analysis.
An enrichment of the ribosomal footprints with genuine TISs after puromycin treatment was confirmed using annotated AUG TICs from human RefSeq sequences, as is exemplified in Figure 1A for the TPP1 gene. Inspection of the pooled read density for the 500 most abundantly translated transcripts also corroborated the TIS-enriching effect of puromycin (Fig. 1B) . Moreover, a 3-bp periodicity of the read coverage became apparent at the 59 end of the analyzed coding sequences (CDS), which provides additional evidence for an enrichment with TISs of the aligned reads (Fig. 1C) . However, the observed coverage distribution also highlights the fact that hindrance of peptide elongation by puromycin is less than perfect and that some ribosomes will have undergone a few steps of protein synthesis before elongation of the nascent peptide was stopped.
Detection of TISs using a neural network
Since the above experiments were intended to detect novel uORFs and N-terminal protein extensions, only the 59 UTR and the first 30 bp of the CDS of the analyzed RefSeq sequences were considered for further study. Moreover, to ensure sufficient sequence data quality, at least one nucleotide position with at least 20-fold (''203'') coverage was required in the region of interest, a criterion met by a total of 5062 transcripts. In order to facilitate systematic searching for potential TISs in the ribosomal footprint data, a neural network was trained on a manually curated set of 604 annotated AUG TICs. The latter were chosen so as to reflect the whole range of read coverage pertinent to the available sequencing data, namely 158 AUGs with 100-83903 coverage, 250 AUGs with 30-993 coverage, and 196 AUGs with 10-293 coverage. Ten neural networks were trained on different random selections of two thirds of each data set, and the corresponding ROC curves were derived from the remaining third (Supplemental Fig. 3) . In order to attenuate the possible effects of chance overtraining, the neural network with the median ROC (AUC 0.97) was selected for further analysis. With this network, a signal of 0.001 (from the possible range of values between 0 and 1) was used as a cutoff for TIS identification (''positive signal''). As a result, 93% of the true TISs in the validation set were predicted correctly (i.e., the sensitivity equaled 93%) whereas 1.4% of the controls yielded a false positive signal (specificity: 98.6%).
TIS identification by means of the neural network thus gave binary, nucleotide position-specific results (''positive'' or ''negative''), and in order to reduce both noise and redundancy, positive TIS signals were also merged over adjacent nucleotides, combining up to two base-pair positions at a time.
The neural network was next applied to the complete ribosomal footprint data from puromycin-treated cells, including the transcripts of the respective training set. In total, 14,464 individual positive TIS signals and 10,386 merged positive TIS signals were obtained (Supplemental Table 2 ). Following the original experimental design, putative TISs downstream from the annotated TIC were not considered further, leading to a total of 8710 merged positive TIS signals for further analysis (Supplemental Table 2 ). To validate the use of the pooled puromycine data set, the neural network was next applied to all three replicates individually. In this analysis, 1720 transcripts met the minimum expression criteria (203 coverage for at least one nucleotide in the region of interest) in at least one replicate. A total of 3336 TISs were identified in these transcripts (Supplemental Table 3 ), 2365 of which (71%) were also detected in the pooled data. Only 13 of the 1639 TISs (0.8%) that were identified in all three replicates were not found in the pooled data. Similarly, only 20 of the 2385 TISs identified in the pooled data (0.8%) were not found in at least one replicate (Supplemental Table 3 ). The individual analyses are provided as separate annotation tracks electronically (http:// gengastro.1med.uni-kiel.de/suppl/footprint/).
Functional interpretation of neural network-predicted TISs
No TIS was predicted by the neural network in 698 transcripts (14%; Fig. 3A , see below). Translation of these sequences may have initiated at downstream TISs not covered by the present study. In the remaining 4364 RefSeq sequences, neural network-predicted TISs were next classified according to their position in the actual transcript sequence (Fig. 2) . First, those network-predicted TISs that were located within 3 bp of an annotated TIC (N = 2305) were interpreted as indicators of the corresponding translation-initiating ribosome. Then other AUGs followed by near-cognate TICs were considered iteratively in the vicinity (i.e., 63 bp) of networkdefined TISs upstream of annotated TISs, each time starting with the TIS with the highest aligned sequence count among the remaining unclassified putative TIS for each transcript. Neither an AUG nor a near-cognate codon was present in the vicinity of 220 network-predicted TISs, a figure that further highlights the specificity of the network prediction tool (Supplemental Table 4 ). Unclassified TISs occurred in combination with all transcript categories in Table 1 , and 42 transcripts only contained unclassified TIS.
As the overall result, 2305 of the 7251 classified networkpredicted TISs (31%) coincided with an annotated TIS (Figs. 2, 3B ). Another 2994 putative TISs (40%) predicted in the 59 UTR were associated with a downstream stop codon and were therefore classified as defining a uORF (Figs. 2, 3B ). Yet another 1406 putative TISs (19%) were interpreted as belonging to a uORF overlapping with the respective CDS, because the TIS was out of frame with the annotated ORF but was associated with a downstream stop codon within the CDS. A minority comprising 546 putative TISs (7%) was classified as leading to an N-terminal extension of the encoded protein. Additional, downstream network-predicted TISs within the newly annotated N-terminal protein extensions or uORFs were interpreted as evidence of ribosomal pausing and/or incomplete suppression of elongation by puromycin. They were thus assigned to the respective annotated sequence feature and not classified independently (N = 1239).
The read coverage around newly identified TISs displayed a pronounced 3-bp periodicity, irrespective of their classification, which lent additional support to the presence of true TICs at these positions (Supplemental Figs. 4, 5) . A higher read coverage of the second codon at TISs with an AUG TIC rather than a near-cognate TIC (Supplemental Fig. 5 ) might be indicative of a delayed initiation kinetic pertaining to the type of TIS.
Analysis of the overall TIC usage at the classified putative TISs (N = 7251) revealed an abundance of consensus sequence NUG (N = 6364, 85%), with AUG being the most frequent TIC (N = 3345, 47%) (Fig. 3C) . At the level of the individual functional category, usage of AUG in uORFs, CDS-overlapping uORFs, and N-terminal protein extensions equaled 30%, 8%, and 1%, respectively (Fig. 3C , top row). Interestingly, when only near-cognate (i.e., non-AUG) codons were considered, a very similar TIC usage was observed in all three functional categories (Fig. 3C, bottom row) . Comparison of the codon usage at identified TICs and in the analyzed 59 UTRs as a whole, considering all three reading frames, revealed an enrichment of CUG and GUG, and a depletion of AGG and AAG, among TICs (Fig. 3D) . A similar pattern of TIC usage as observed for humans in our study was also evident in the previously published murine data (Supplemental Fig. 6 ; Ingolia et al. 2011) .
A transcript-based analysis revealed that all possible combinations of functional TIS classification occurred (Table 1 ; Supplemental Fig. 7) . A TIS was predicted exclusively at the annotated TIC for 1320 (30.3%) of the 4364 transcripts that harbored at least one neural network-predicted TIS. Exclusive translation of one or more uORFs in the 59 UTR was predicted for 976 transcripts (22.4%), with initiation occurring at AUG for 601 uORFs and at a nearcognate codon for 1014 uORFs. N-terminal protein extensions alone were predicted for 152 transcripts, with putative translation starting at AUGs in four cases and at near-cognate codons in 159 cases. Sequences surrounding the newly identified TISs showed no particular enrichment of the Kozak consensus or any alternative consensus sequence, suggesting that these sites may be subject to more complex initiation mechanisms (Supplemental Figs. 8, 9) .
The aligned reads, the network-predicted TIS positions, and their classification are available as UCSC style online material at http://gengastro.1med.uni-kiel.de/suppl/footprint/. An example is provided in Figure 4 . 
Literature-based validation of neural network-predicted TISs
Read coverage peaks in ribosomal footprint data provide experimental evidence for ribosome binding during translation initiation at the respective sites. However, both the original laboratory experiments and the subsequent TIS prediction by a neural network are potentially prone to errors, and therefore their joint outcome requires validation. To this end, we focused upon those genes for which experimental evidence for functional uORFs or non-AUG-initiated N-terminal protein extension has been reported before. We used information from the published literature (Tikole and Sankararamakrishnan 2006; Ivanov et al. 2011) and from the ''database of mRNA sequences with non-AUG start codons'' (http:// bioinfo.iitk.ac.in/).
Of the 28 human genes for which the occurrence of N-terminal protein extension had been experimentally verified before, 18 genes were not sufficiently translationally active in the THP-1 cell line studied here (Supplemental Table 5 ). Another gene (SP3) was not represented in our data set by the appropriate isoform because, for each RefSeq sequence, we consistently analyzed only the mRNA splice variant with the longest 59 extent (Supplemental Table 5 ). For six of the remaining nine genes (Table 2) , namely BAG1, DDX17, EIF4G2, GTF3A, MYC, and NPW, our combined experimental and in silico approach correctly predicted the previously reported N-terminal protein extension. The apparent non-AUG TICs in the TEAD4 and HCK genes may have been silenced or obscured in our ribosomal footprinting experiment by the uORFs that were predicted by the neural network. Finally, while a previously verified CUG TIC in the WT1 gene (Bruening and Pelletier 1996) was not predicted, the neural network identified a putative upstream ACG TIC instead, activation of which would result in a WT1 protein isoform that is extended by an additional 20-amino acid residues.
Next, all mammalian genes were examined for which functional uORFs had been experimentally verified before (Calvo et al. 2009 ). Out of the 50 genes identified, a majority of 25 did not meet the minimum read coverage criteria employed in the present study (Supplemental Table 5 ). The uORFs of another five genes could not be analyzed because the uORFs were not represented by the appropriate mRNA isoform in our data (Supplemental Table 4 ). Of the remaining 20 genes (Table 3) , both a known uORF and the annotated TIS were predicted correctly for five genes (AMD1, CITED2, HDLBP, HTT, and ODC1). Only one or more of the known uORFs, but not the annotated TIS, was predicted for another nine transcripts (ATF4, ATF5, BCKDK, CEBPA, DDIT3, MDM2, PPP1R15A, SP3, UCP2). For the remaining six genes (ADH5, BCL2, FLI1, MTR, MVP, SLC7A1), translation initiation was only predicted at the annotated TIS whereas the respective uORFs were deemed inactive. In addition, 12 novel uORFs were predicted in the 19 genes analyzed (Table 3) .
Sequence conservation at neural network-predicted TISs
Many functional uORFs are conserved between different species (Zimmer et al. 1994; Göpfert et al. 2003) . To assess the level of recent evolutionary conservation pertinent to the TICs of neural networkpredicted TIS, their orthologous positions in nine nonhuman primate species (chimpanzee, gorilla, orangutan, rhesus macaque, baboon, marmoset, tarsier, mouse lemur, bushbaby) were extracted from the PhastCons46Primates track in the UCSC Genome Browser (Pollard et al. 2010 ). The corresponding conservation score provided by UCSC for the predicted TICs was compared with that of control codons taken from the 59 UTR of the analyzed RefSeq sequences (Supplemental Table 6 ), matched for their annotated nucleotide position. As was to be expected, annotated AUG TICs were highly conserved, with a mean conservation score Cold Spring Harbor Laboratory Press on November 6, 2012 -Published by genome.cshlp.org Downloaded from of 0.58 compared with 0.20 in controls (t-test P < 10 À10 ). However, the TICs of neural network-predicted TISs were also found to be significantly more conserved than control codons, both overall (ANOVA controlling for codon type: P < 10
À10
) and when stratified by codon type (AUG: t-test P < 10
; non-AUG: ANOVA P = 3.8 3 10
À3
). The degree of TIC conservation varied significantly between different codons and between different functional TIS categories. The most highly conserved TICs were AUG and AUA, with significant conservation observed in both the uORF and the CDS-overlapping uORF categories ( Fig. 5 ; Supplemental Table 6 ). The most consistent intra-category conservation across codons was observed for uORFs ( Fig. 5 ; Supplemental Table 6 ). Generally similar results were Bruening and Pelletier (1996) Only RefSeq sequences meeting the minimum read coverage criterion of the present study were included. Genes were selected from the ''database of mRNA sequences with non-AUG start codons'' (http://bioinfo.iitk.ac.in/). Pecqueur et al. (2001) Genes with known functional uORFs were identified from the report by Calvo et al. (2009) .
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obtained with SiPhy (Garber et al. 2009 ), which nevertheless revealed stronger conservation of AUG in the uORF categories and less conservation of near-cognate codons (Supplemental Table 7 ). To further analyze the degree of conservation of TICs across species, the human data set reported here was compared with experimentally defined TICs in mouse embryonic stem cells (Ingolia et al. 2011) . In total, 2141 of the 3294 TICs that could be mapped from the human to the mouse genome (64%), and 4458 (60.3%) of the 7391 reciprocally ''mappable'' TICs in mice (60%), were conserved. Not surprisingly, 98% of the canonical TISs were found to be conserved between the two species whereas uORFs, overlapping uORFs, and N-terminal extensions showed less conservation (Supplemental Table 8 ). When comparing the TICs of the 1490 TISs that were shared between human and mouse, an almost identical TIC usage became evident (Supplemental Tables 9-11; Supplemental Fig. 6) .
In a comparison of 2216 transcripts from humans and mice, the majority of canonical TISs in human were also found to be used in mouse embryonic stem cells. Usage of uORFs and overlapping uORFs seemed to be more conserved than usage of N-terminal extensions (Supplemental Table 12 ).
Discussion
In the present study, we derived the first transcriptome-wide map of alternative TISs in humans, using an adaption of a recently described ribosomal footprinting technique (Ingolia et al. 2009; Guo et al. 2010 ) to puromycin-treated cells. The newly annotated TISs will shed new light on the complexity of human proteome composition and regulation. For instance, novel uORFs were predicted for >44% of RefSeq sequences, and 28% of the analyzed transcripts were found to contain putative uORFs overlapping the respective CDS. This observation corroborates recent data on mouse embryonic stem cells where most of the newly identified TISs indeed mapped to uORFs and CDS-overlapping uORFs. Our results are also in agreement with bioinformatic analyses suggesting that ;50% of human RefSeq sequences contain uORFs, although these analyses defined uORFs on the basis of sequence features alone, rather than experimental evidence for translation (Iacono et al. 2005; Matsui et al. 2007; Calvo et al. 2009 ). Individual analyses of the three biological replicates in our study provided compelling evidence for the robustness of the predicted TISs. Nevertheless, 1697 newly detected TISs were predicted in some, but not all, replicates. While one possible explanation for these less robust predictions may be lower read coverage, they may also point toward a combination of programmed initiation and stochastic positioning of ribosome binding.
The annotated TIS was also ascertained by our combined experimental and in silico approach for 2305 of the 4364 analyzed RefSeq transcripts (53%). In 1694 transcripts (39%), the annotated TIS has likely been silenced by the activation of uORFs because ribosome binding in these transcripts was only detected experimentally at uORFs and CDS-overlapping uORFs. This observation highlights the likely regulatory role of uORFs in the control of translation of the canonical CDS (Calvo et al. 2009 ).
While an abundance of sequence reads at predicted albeit not yet annotated TISs provides experimental evidence for the presence of translation-initiating ribosomes, independent validation of such TISs seemed necessary. We therefore screened the literature and public databases for reports of experimentally verified noncanonical TISs and uORFs. The number of such sites was found to be very limited: Only 28 N-terminal protein extensions and 50 functional uORFs could be found probably reflecting the lack of Figure 5 . Primate conservation analysis of TICs at neural network-predicted TISs. For each functional category and codon type, the difference in mean Conservation Score in nine primate species (with 95% confidence interval) is depicted between case and control TICs. For comparison, the difference in mean Conservation Score for the annotated AUG TICs (open box) is also included for each category. Numbers below boxes refer to the number of predicted TIS falling into the respective TIS by TIC category. TICs showing statistically significant conservation after Bonferoni correction (31 tests, P < 0.0016) are marked by an asterisk. Further details of the primate conservation analysis are provided in Supplemental Table 3 .
systematic means of experimental analysis before the establishment of ribosomal footprinting (Ingolia et al. 2009; Guo et al. 2010) . The number of sites available for validation was reduced further by a lack of expression of the respective gene or by missing data for the reported isoforms. However, for eight out of nine instances of N-terminal protein extension, the outcome of our ribosomal footprint analysis was compatible with that of previous reports. Similarly, 14 out of 19 known human uORFs were confirmed by our approach. Only the annotated TISs were predicted in the remaining six cases, and this less-than-perfect coincidence may reflect that other cell lines and/or functional cellular states were investigated here compared with previous studies.
Ribosomal footprint cDNA libraries were enriched for TISs in the present study by the use of elongation termination agent puromycin. Elongation termination by puromycin is based upon the structural similarity of the latter to aminoacyl-tRNAs, which normally binds to the ribosome and expedites protein synthesis. Binding of puromycin, in contrast, disrupts elongation of the nascent peptide chain and leads to the release of the ribosome from the transcript (Allen and Zamecnik 1962; Nathans 1964) . In a previous study geared to identifying alternative TISs, harringtonine was used to arrest ribosomes at the TIS (Ingolia et al. 2011) . Harringtonine is known to bind free 60S ribosomal subunits and to inhibit elongation of ribosomes after joining of harringtoninebound 60S subunits to an 80S ribosome (Fresno et al. 1977; Robert et al. 2009 ), leading to well-defined signals in ribosome-profiling experiments. The combined use of puromycin and cycloheximide in our study resulted in somewhat less sharply defined read coverage peaks, with elongation leakage downstream from the initiation site (Fig. 1C) . However, puromycin has the advantage of a potentially better detection of near-cognate codons because harringtonine is resistant to near-cognate codons under certain circumstances (Ingolia et al. 2011) . While any analysis of downstream translation initiation would have been affected seriously by this possible type of error, our specific goal was the identification of TISs upstream of the annotated TIS, and for this purpose, puromycin is a valid and potentially superior experimental agent.
Interestingly, the newly identified putative TISs showed significant evolutionary conservation of the respective TIC among primates, both for AUG and for near-cognate codons. Moreover, trans-species mapping of newly identified and annotated TICs in human and mice, respectively, suggests that this conservation may even extend to primates and rodents. Bearing in mind that conservation analysis of candidate TIS has been used in previous bioinformatics-based identifications of novel uORFs and TISs (Iacono et al. 2005) , the strong level of conservation observed here provides further, albeit indirect evidence, for the validity of the newly predicted TISs. Moreover, the different degree of conservation seen for different TIC types and functional classes of TIS may be a direct consequence of the molecular mechanisms underlying TIS recognition, thereby providing a basis for future functional studies. A particularly interesting example in this respect is the different frequency of AUG TICs as observed in different classes of proteincoding sequences and uORFs, for which the pattern of near-cognate codon usage was virtually identical (Fig. 3C ). In addition, transcripts containing a uORF in humans were shown to also contain a uORF in mouse in 57% of cases. Although a direct comparison between the two species and studies was difficult due to the differential developmental and metabolomics stages analyzed, and the difficulties of mapping human transcripts onto the mouse genome and vice versa, we found strong evidence for a shared TIC usage in the two species (Supplemental Tables 8-11; Ingolia et al. 2011 ).
In summary, we provide a transcriptome-wide map of previously non-annotated candidate TISs in a human monocytic cell line. The results, together with the underlying alignments and functional classification (http://gengastro.1med.uni-kiel.de/suppl/ footprint/), will add another detail to our understanding of the translational regulation of human proteome diversity.
Methods
Cell culture
Human monocytic cell line THP-1 was obtained from the German Resource Center for Biological Material (DSMZ). Cells were maintained in RPMI 1640 (PAA Laboratories GmbH) supplemented with 10% (v/v) fetal calf serum (Biochrom AG) at 37°C under 5% CO 2 . Cells were seeded on 15-cm dishes and four plates were pooled for each subsequent biological replicate of the ribosome profiling experiment.
Ribosome profiling and cDNA library preparation Ribosome footprint cDNA libraries were prepared as previously described with minor modifications (Ingolia et al. 2009; Guo et al. 2010) . Release of elongating ribosomes was achieved by the addition of puromycin 48 h after seeding to a final concentration of 100 mg/mL and incubation for 15 min at 37°C. Translation-initiating ribosomes were arrested by subsequent treatment with cycloheximide at a final concentration of 100 mg/mL and subsequent incubation at 37°C. Treatment with puromycin was omitted in the control samples. Cells were washed two times in ice-cold PBS supplemented with cycloheximide (100 mg/mL) and resuspended in 1 mL ice-cold polysome lysis buffer (20 mM Tris pH 8.0, 140 mM KCl, 35 mM MgCl2, 1% [v/v] Triton X-100), supplemented with one Complete ULTRA Tablet (Roche) per 10 mL, and incubated for 10 min on ice after homogenization by pipetting the lysis mixture 10 times through a 19 gauge needle. After centrifugation for 8 min at 1300g, the supernatant was digested with 2000 units RNaseI (Ambion) for 60 min at 30°C with gentle mixing. The digested extracts and control samples were layered onto a 10%-50% sucrose density gradient, and centrifuged at 110,000g for 3 h at 4°C. After ultracentrifugation, the gradients were fractionated using an Isco gradient fractionation system (Teledyne Isco) by continually monitoring A254 nm extinction values at 30-sec intervals, resulting in 500 mL fractions. Monosome fractions were pooled and concentrated using Ultra-4 centrifugal filters (Millipore). The filtrate was treated and RNA extracted as previous described (Guo et al. 2010 ).
Sequence analysis
Libraries were sequenced on an Illumina HiSeq 2000 instrument using primer oNTI202, 59-CGACAGGTTCAGAGTT CTACAGTCCGACGATC, to give ;20 million single-end reads of 50 bp. The resulting FASTQ files were mapped by simultaneous elimination of adaptor sequences using the short-read alignment software Novoalign V2.07.13 (Novocraft). First, the contaminating reads from rRNAs were removed by mapping the reads against RefSeq sequences NR_023371, NR_003287, NR_003286, NR_003285, and NR_023363. The remaining reads were aligned to the human reference genome (UCSC GRCh37/hg19 release) and splice junctions from the UCSC RefSeq track. The position of the footprint in the ribosome was determined by adding 12 nucleotides (nt) to the 59 end of the read. When the first nucleotide of the read failed to align to the reference sequence, 13 nt were added.
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TIS prediction and interpretation
For the ab initio detection of TIS, a set of reference transcripts with one transcript per gene was compiled. If more than one transcript per gene was available, the transcript with the most 59 location of the annotated TIS and the longest 59 UTR was chosen. All subsequent analyses were limited to a region comprising the 59 UTR and the first 30 bp downstream from the TIC of the annotated TIS of each RefSeq sequence. The number of aligned reads per nucleotide position was normalized for each transcript by the highest number observed in the above-mentioned region. Ten neural networks with five input neurons, three hidden layers with 11 neurons each, and one output neuron were then trained and validated on the normalized read coverage per nucleotide position from puromycine ribosomal footprints of a manually curated set of 604 transcripts. The different training sets comprised 403 randomly chosen transcripts per network, and network-specific ROC curves were estimated from the remaining 201 transcripts. The training and validation sets contained the annotated TISs of transcripts with different expression levels (see Results section) and the sites surrounding positions À6, À3, +3, +9, +15, +21, +45, +90, +180, +300, and +480, relative to the annotated TIC, as negative controls. The neural network that yielded the median area under the curve of 0.97 (Supplemental Fig. 3 ) was used for further analysis. After determining a threshold for the network-emitted signal, TIS identification gave binary, nucleotide position-specific results (''positive signal'' or ''negative signal''), and in order to reduce both noise and redundancy, positive signals were also merged over adjacent nucleotides, covering 2 bp at a time. The TISs predicted by the neural network were finally classified into one of four presumptive functional categories: ''annotated TIS,'' ''N-terminal protein extension,'' ''upstream ORF,'' or ''CDS-overlapping uORF'' (Fig. 2) .
Statistical analysis
All statistical analyses were performed with R version 2.13.2 (www. r-project.org; R Development Core Team 2011). Control TISs from the 59 UTRs of the analyzed transcripts were matched by both codon and annotated position, and were selected with the sample() function of R using a weighting scheme according to the spatial distribution of network-identified TISs in the respective 59 UTRs. Pairwise differences between TIC categories in terms of their Evolutionary Conservation Scores (Pollard et al. 2010) were tested for statistical significance using the Student t-test. (R function t.test()). Differences in Conservation Score across TIC categories were tested for statistical significance using ANOVA as implemented in R function aov().
Data access
The sequence data from this study have been submitted to the NCBI Gene Expression Omnibus (GEO) (http://www.ncbi.nlm.nih. gov/geo) under accession number GSE39561.
